To assess whether the southward deep water flow of the Atlantic meridional overturning circulation can be monitored by measuring the deep western boundary current, the structure and transport of the time-averaged deep western boundary current at 26.5N are estimated from long current meter records deployed in a series of 7 mooring deployments over 11 years from March 1986 to June 1997 east of Abaco Island in the Bahamas. Time-averaged meridional velocities for each current meter record are combined into estimates of mean velocity at 3 to 10 depths at 10 mooring locations extending eastward from the continental slope out to an offshore distance of 580 km. The mean deep western boundary current below 1000 m depth exhibits a core of strong southward velocities above 15 cm s Ϫ1 at an offshore distance of about 55 km and extends out to an offshore distance of about 160 km with an estimated total southward transport of 34.6 Sv. We estimate the error in this time-averaged transport to be 3.7 Sv due to uncertainties in the mean velocities due to temporal variability and up to 4 Sv due to the choice of methods to integrate spatially the time-averaged velocities across the section. Offshore from 160 km out to at least 580 km, there is broad, slow northward flow that recirculates deep water northward. While the mooring array is not sufficient to accurately measure the northward recirculation, a simple spatial average of the time-averaged currents indicates a northward recirculation of about 13 Sv in this offshore region. Daily estimates of the deep western boundary current from two arrays with reasonably complete coverage of the deep western boundary current suggest that the instantaneous boundary current has a width of about 100 km, naturally narrower than the mean boundary current. Daily southward transports vary between 5 and 75 Sv but the array does not fully resolve the boundary current during offshore meander events that occur about 20% of the time. We conclude that it is problematic to monitor the net southward flow of the Atlantic meridional overturning circulation with boundary current measurements at 26.5N because the narrow deep western boundary current transport has substantially larger transport than the net southward flow and the offshore northward recirculation is broad and diffuse so that accurate estimates of the recirculation would require an extensive array of moored instruments.
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ABSTRACT
To assess whether the southward deep water flow of the Atlantic meridional overturning circulation can be monitored by measuring the deep western boundary current, the structure and transport of the time-averaged deep western boundary current at 26.5N are estimated from long current meter records deployed in a series of 7 mooring deployments over 11 years from March 1986 to June 1997 east of Abaco Island in the Bahamas. Time-averaged meridional velocities for each current meter record are combined into estimates of mean velocity at 3 to 10 depths at 10 mooring locations extending eastward from the continental slope out to an offshore distance of 580 km. The mean deep western boundary current below 1000 m depth exhibits a core of strong southward velocities above 15 cm s Ϫ1 at an offshore distance of about 55 km and extends out to an offshore distance of about 160 km with an estimated total southward transport of 34.6 Sv. We estimate the error in this time-averaged transport to be 3.7 Sv due to uncertainties in the mean velocities due to temporal variability and up to 4 Sv due to the choice of methods to integrate spatially the time-averaged velocities across the section. Offshore from 160 km out to at least 580 km, there is broad, slow northward flow that recirculates deep water northward. While the mooring array is not sufficient to accurately measure the northward recirculation, a simple spatial average of the time-averaged currents indicates a northward recirculation of about 13 Sv in this offshore region. Daily estimates of the deep western boundary current from two arrays with reasonably complete coverage of the deep western boundary current suggest that the instantaneous boundary current has a width of about 100 km, naturally narrower than the mean boundary current. Daily southward transports vary between 5 and 75 Sv but the array does not fully resolve the boundary current during offshore meander events that occur about 20% of the time. We conclude that it is problematic to monitor the net southward flow of the Atlantic meridional overturning circulation with boundary current measurements at 26.5N because the narrow deep western boundary current transport has substantially larger transport than the net southward flow and the offshore northward recirculation is broad and diffuse so that accurate estimates of the recirculation would require an extensive array of moored instruments.
Introduction
Long time series measurements of ocean currents are precious. In contrast to synoptic shipboard surveys, long-term current meter array deployments can define the mean velocity field and temporal variability over selected regions of the ocean. They are particularly useful where there is a depth-averaged, or barotropic, current that is hard to estimate using geostrophic methods based on hydrographic measurements or where there is a question about where the reference level velocity for geostrophic calculations should be placed. One of the longest available time series of direct current measurements is in the region of the deep western boundary current to the east of Abaco Island in the Bahamas. A group of scientists in Miami began a series of current meter mooring deployments in March 1986 that continued until June 1997. The early deployments described by Lee et al. (1990) and Lee et al. (1996) concentrated on a narrow boundary region within 90 km of Abaco, while the later deployments were supplemented by a mooring at 130 km from Abaco and by additional moorings extending coverage eastward out to 580 km from Abaco. We use these direct current measurements to define the structure and transport of the deep western boundary current off Abaco and to make estimates of the recirculation farther to the east.
The deep western boundary current along the continental slope of America carries recently formed North Atlantic Deep Water (NADW) southward. This deep western boundary current represents the primary path for the export of North Atlantic deep waters to the global ocean. In the North Atlantic this deep boundary current constitutes the lower or cold water branch of the global thermohaline circulation, so defining its structure and transport could represent a primary characterization of the thermohaline circulation. Based on transient tracer distributions, primarily of chlorofluorocarbons (Fig. 1) , the boundary current is commonly considered to have two watermass cores, an upper core carrying upper NADW formed in the Labrador Sea and a lower core carrying lower NADW formed in the Norwegian-Greenland Sea. From analysis of transatlantic hydrographic sections along 25N, the overall southward transport of NADW is estimated to be 20 to 23 Sv (Bryden and Imawaki, 2001) , and the division between upper and lower NADW transports appears to vary over time (Roemmich and Wunsch, 1985; Lavín et al., 1998) . Surprisingly, Lee et al.'s (1996) estimate of southward flow in the narrow deep western boundary current was 40 Sv, much larger than the expected overall southward flow suggesting substantial northward recirculation outside the narrow boundary current. As a result of such boundary current transport estimates that are larger than the expected overall net southward flow, tight recirculation gyres have become a common feature in North Atlantic circulation schematics in recent years (McCartney, 1992; Schmitz and McCartney, 1995; Schmitz, 1996) .
There is much interest in monitoring the Atlantic meridional overturning circulation (Srokosz, 2004) , which can be defined as the net northward flow of warm upper waters and the nearly compensating net southward flow of cold deeper waters across a zonal transatlantic section. Coupled climate models forced by expected anthropogenic increases in atmospheric CO 2 suggest that this meridional overturning circulation may slow down over the next century (Cubasch et al., 2001) . Our motivation for this analysis of the Abaco current meter arrays is to assess whether the Atlantic meridional overturning circulation can be monitored by making time series current measurements in the concentrated deep western boundary current against the American continental slope at 26.5N.
Data and methods
An array of current meter moorings was deployed east of Abaco on 7 occasions with each deployment lasting between 12 and 25 months (Fig. 2) . In general a new array deployment took place as the previous array was recovered so there is nearly continuous coverage from March 1986 to June 1997 with only a brief gap from June to October 1988. Each array is described in a data report (Zantopp et al., 1989a,b; 1990; 1993; 1996; 1998a,b) . Each mooring generally included current meters at depths of 100, 400, 800, Figure 1 . Zonal section of chlorofluorocarbon (CFC-11) across 24.5N from the hydrographic stations taken aboard BIO Hesperidins in July-August 1992. Note the upper and lower cores of high CFC-11 concentration against the western boundary centered at 1500 and 3500 m depths marking the upper and lower North Atlantic Deep Water (Bryden et al., 1996 Fig. 12 ).
1200, 2000, 3000 and 4000 m with occasional current meters at various other depths below 2000 m. At first the moorings were concentrated within 100 km of Abaco but were later extended into the offshore region at several locations to explore evidence for deep recirculation. Moorings A and B within 60 km of Abaco Island were nearly continuously deployed over the 11 year program; alternative locations A1 and B1, near A and B, also had several deployments, 2 for A1 and 3 for B1. Mooring C at an offshore location of 90 km was deployed continuously except for two arrays during the period 1992-1995 and mooring D at an offshore distance of 130 km was deployed for the final 4 arrays from 1990 to 1997. Mooring E1 at 320 km offshore was deployed twice and moorings E2, E3 and F which extended the arrays eastward as far as 580 km each had a single deployment. There were some instrument failures and mooring losses so that the longest records are at 1200, 2000 and 4000 m depths on mooring D, each with a total duration of 2548 days (Table 1) . For convenience, we use an origin for offshore distance at 77W, 26.5N. In terms of distance along 26.5N, the position of the Abaco shelf break is then at an offshore distance of 5 km, the westernmost mooring A is at 76°50.8Ј W, or an offshore position of 15.2 km, and the easternmost mooring F is at 71°10Ј W or 580 km. Moorings A through D out to 131 km were designed to measure the strong boundary currents, both the Antilles Current in the upper ocean and the deep western boundary current below 1000 m depth, while the more widely spaced outer moorings were designed to sample the northward recirculation of the deep waters. For each mooring location and each depth, we average the available current meter records to estimate a time-averaged northward velocity. To derive top-to-bottom vertical profiles of northward velocity, the 100 m velocity at each location is taken to extend uniformly up to the sea surface and the deepest velocity is taken to extend uniformly to the bottom. Because the time series at 100 m depth on mooring B was considered too short for a reliable long-term average, the 100 m velocity on mooring B is estimated by interpolating the 100 m velocities on moorings A1 and B1. Because there were no current meters at depths of 100 and 400 m on mooring E3, the velocity at 100 m depth on E3 is derived by interpolating the 100 m velocities on moorings E2 and F. The time-averaged velocities on each mooring are then linearly interpolated onto a 20 m depth grid.
From the continental slope out to the location of mooring D, the velocity profiles are then linearly interpolated onto a 1 km horizontal grid. Velocities from mooring A are carried shoreward in the shallow coastal triangle between 5 and 15 km (see Fig. 3 ). The deep A1 velocities are used next to the continental slope even though the deep current meters on that mooring may be in a shadow zone, effectively in the lee of a ridge below 1600 m depth extending eastward off the continental slope just to the north of the 26.5N arrays. For the small bottom triangle between A1 and the continental slope, the velocity at the continental slope was taken to be zero and velocities are linearly interpolated horizontally from the velocity on A1 to 0 at the slope. There is a large separation between the offshore position of mooring D (131 km) and the next mooring E1 (317 km). Above 1000 m depth, we linearly interpolated the mooring D and E1 mean velocities horizontally to derive the velocity field between moorings D and E1 in the upper waters. Below 1000 m depth, linearly extrapolating the southward velocity profiles on moorings C and D at offshore distances of 89 km and 131 km eastward yields zero velocity in the deep water at offshore distances ranging from 160 to 182 km with the overall deep transport changing from southward to northward at an offshore distance of 172 km. For this reason, we choose to horizontally extrapolate the mooring C and D profiles out to an offshore distance of 172 km to complete the portrayal of the deep western boundary current (Fig. 3) . The extrapolation from C to D to 172 km was done linearly using the mooring C and D mean velocities except for depths between about 2300 and 3500 m where the zero velocity contour occurred inshore of 172 km. For these depths, the linearly extrapolated velocity was used only out to the zero velocity contour and then the velocity field out to 172 km was linearly interpolated between the zero velocity contour and the mean velocity field on mooring E1.
We then use the resulting extrapolated profile at 172 km along with the velocity profiles at moorings E1, E2, E3 and F to linearly interpolate the velocity field offshore from 172 km in order to examine the recirculation region. Beyond mooring F at an offshore distance of 580 km, we choose to extend the mooring F velocity field eastward by 45 km to 625 km as this is half the distance separating moorings E3 and F, so that when we estimate transport the velocities on mooring F are counted approximately equally to the velocities on mooring E3. Combining the deep western boundary current inshore of 172 km and the recirculating current between 172 and 625 km, we portray the western boundary current system from Abaco out to a distance of 625 km (Fig. 4) .
To estimate the errors in these time-averaged velocities due to temporal variability, we use the WATTS (Western Atlantic Thermohaline Transport Study) and ACCP3 (Atlantic Climate Change Program) arrays when effectively all of the current meters below 1000 m depth operated for the duration of their deployments. Each current meter record was low-passed filtered with a 40-hour Lanczos filter to remove tidal variations and subsampled at 12-hour intervals. From the low-passed time series, square-integral time scales (integral of the squared autocorrelation out to a time lag of 70 days) are calculated for the 1200, 2000, 3000 and 4000 m time series on moorings B, B1, C, D and E1. These square integral time scales varied between 9 and 32 days, with longer time scales near the slope (22 days at B and B1, 14 days at C and D, 10 days at E1) reflecting the longer time scales of the currents near the boundary. The variance in northward velocity is then divided by the number of square-integral time scales in the overall record length to estimate a standard error for the time-averaged velocity at each location. Standard errors are about 1.9 cm s
Ϫ1
at B or B1, 1.2 cm s Ϫ1 at C, 0.9 cm s Ϫ1 at D and 0.6 cm s Ϫ1 at E1. Time-averaged southward velocities for long records on moorings B, B1, C, D are all significantly different from zero (larger than 2 standard errors). For the outer moorings, using a square-integral time scale of 10 days, the time-averaged meridional velocities on moorings E1 and E2 are significantly different from zero, while the deep velocities on E3 and F are not significant. The WATTS and ACCP3 arrays are also used to estimate correlation coefficients between records separated vertically and zonally. Instruments on each mooring are strongly and significantly correlated vertically. Laterally, for WATTS the time series records on moorings B1 and C and D exhibit significant correlations at each of the 1200, 2000, 3000 and 4000 m depths, though the correlations between C and D at 3000 and 4000 m depths are negative. For ACCP3, the lateral correlations between B and C are small and generally positive and between C and D are small and generally negative. In fact the strongest correlations for both WATTS and ACCP3 are between instruments on moorings B (or B1) and D with correlation coefficients varying between Ϫ0.50 and Ϫ0.71, negative values indicating stronger southward currents at D are correlated with weaker southward currents at B (or B1). We take this pattern of correlation coefficients to indicate that the lateral correlation function passes through zero at about 40 km, the separation between moorings B and C or between C and D.
That there is strong negative correlation over a lateral scale of 80 km suggests that 40 km is not a decorrelation scale but is about the lateral half-width of the boundary current. This view is reinforced by estimating empirical orthogonal functions for the variability in meridional velocity for the WATTS and ACCP3 arrays. The first mode for each array is similar in structure (Fig. 5 for the ACCP3 array) and accounts for 68% of the variance for WATTS and 58% of the variance for ACCP3. The first mode shows that a strengthening (weakening) of the southward velocity close to the boundary is matched by a weakening (strengthening) of the southward velocity in the offshore region. Offshore strengthening and near-boundary weakening represent the meandering of the deep western boundary current core. The horizontal scale of the fluctuations defined by the zero crossing of the first empirical orthogonal function is at an offshore distance of 90 to 100 km, a scale we associate with the width of the instantaneous deep western boundary current. These conclusions are consistent with the findings of Johns et al. (2005) who describe the lateral and vertical correlation structure of the deep currents in this region in more detail. Correlation coefficients between meridional currents at the outer moorings E1, E2, E3, F and at the boundary moorings are small and not significant. The time-averaged meridional velocities on these moorings then are individual, point estimates of the mean velocity and it is unclear what lateral scale they can be considered to represent. For this reason, the structure and transport of the outer boundary current beyond an offshore distance of 150 km are uncertain.
Time-averaged boundary current structure
The structure of the time-averaged currents shows a shallow northward flowing Antilles Current close to the Abaco and a strong southward flowing deep western boundary current centered about 30 km offshore from the continental slope (Fig. 3) . Maximum timeaveraged northward velocity is nearly 40 cm s Ϫ1 at a depth of 400 m close to the boundary. With the extrapolation beyond mooring D described above, the southward transport below 1000 m depth increases to 34.6 Sv at an offshore distance of 172 km. Using the above values for standard errors in time-averaged meridional velocities at moorings B, B1, C, D, we estimate the error in this time-averaged transport to be about 3.7 Sv and we consider this to be for a measurement period of 5 years, which is the average measurement period for the current meter time series on moorings B, B1, C, and D. For the western boundary region from the continental slope out to 172 km, we estimate a profile of transport per unit depth by integrating the meridional velocities at each depth eastward from the continental slope out to 172 km (Fig. 6a) . The transport profile changes sign at 720 m depth, so vertically integrating the transport profile above 720 m depth yields an upper layer northward transport of 4.1 Sv and a lower layer southward transport of Figure 6 . Vertical structure of the meridional flow field (a) for the inner boundary current from the continental slope out to 172 km; (b) for the outer recirculation region between 172 km and 625 km offshore; and (c) for the complete western boundary current region sampled by long-term current meter arrays from the continental slope out to 625 km offshore. As described in the text, meridional velocity is multiplied by zonal distance to estimate a profile of transport per unit depth in units of m 2 s Ϫ1 for each region.
35.7 Sv. The Antilles Current close to shore clearly extends deeper, down to about 1000 m depth, and is more limited in zonal extent, only out to about 110 km, so a more appropriate estimate of the Antilles Current transport is made by integrating only the positive, or northward velocities above 1000 m depth and this estimate is 5.1 Sv. In a similar manner we define the deep western boundary current transport to be the integral of southward velocities below 1000 m depth and such time-averaged transport is equal to 34.6 Sv. Thus, in this procedure the time-averaged velocities from 11 years of direct current meter measurements yield a deep western boundary current transport of 34.6 Sv southward and an Antilles Current transport of 5.1 Sv northward. For the outer boundary region, we similarly estimate a transport per unit depth profile by integrating the meridional velocities at each depth eastward from 172 km offshore to 625 km offshore (Fig. 6b) . Because the measurements in this outer boundary region are sparse and uncorrelated, this transport profile should be taken to be indicative rather than definitive. It does exhibit generally southward velocity in the upper waters above 780 m depth and northward velocity below, suggesting some recirculation of both the Antilles Current and the deep western boundary current. The southward transport above 780 m depth amounts to 3.4 Sv in this estimate, nearly as much as the northward transport of the Antilles Current. The northward transport below 780 m depth is 11.1 Sv and the northward transport below 1000 m depth for comparison with the deep western boundary current definition above is 10.8 Sv, suggesting that perhaps one-third of the southward flowing deep western boundary current is recirculating in this outer boundary region from 172 km offshore to 625 km.
Combining the inner and outer transport profiles yields an overall profile of transport per unit depth for the boundary region from Abaco out to an offshore distance of 625 km (Fig. 6c) . Again, because of the uncertainty in the outer boundary current structure, this overall profile should be taken to be indicative only. This profile exhibits northward velocity from the surface down to 360 m depth, then southward velocity from 360 m to 4860 m depth with small northward velocity below. The northward transport below 4860 m depth amounts to only 0.3 Sv and the southward transport from the surface to 1000 m depth amounts to 0.1 Sv. Interestingly, the profile exhibits a minimum in overall southward velocity at a depth of 3000 m, suggestive of a transition between upper and lower NADW, but again we hesitate to make strong conclusions due to the limitation of the outer boundary current sampling. In this overall profile, the southward transport from 1000 to 3000 m depth is 12.9 Sv, representing upper NADW transport; and the southward transport from 3000 to 4860 m depth is 11.3 Sv, representing lower NADW transport. The total upper plus lower NADW transport of 24.2 Sv is comparable to estimates of net southward transport across 25N based on hydrographic sections of 21 to 23 Sv (Lavín et al., 1998) . But we must emphasise that the outer boundary current defined by moorings E1, E2, E3 and F is of uncertain structure and transport and there is no reason to think that the northward recirculation ends precisely at the outermost current meter mooring.
Accumulating the transport for the deep currents below 1000 m depth from the boundary eastward to 625 km (Fig. 7) shows the rapid growth of southward transport from the boundary out to about 150 km where the southward transport is 34.4 Sv. The southward transport continues to slowly accumulate to 34.6 Sv at 170 km out to a maximum of 34.9 Sv at an offshore distance of 200 km. Offshore there is a northward recirculation out to 450 km associated with generally northward velocities on moorings E1 and E2, a levelling off from 450 to 540 km associated with mooring E3 and then additional northward recirculation associated with mooring F. With only 4 moorings defining the circulation beyond 172 km, the recirculation is not accurately measured and it is impossible to determine how far offshore the recirculation might ultimately extend. The time-averaged velocities on the outer moorings E1, E2, E3 and F do indicate small northward velocities that accumulate to a substantial recirculation and the measured Figure 7 . Accumulated transport below 1000 m depth from the coast out to 625 km offshore. Vertically integrated meridional velocity is estimated on a 1 km grid and then integrated eastward from the continental slope. Note the initial sharp increase in southward transport associated with the narrow deep western boundary current out to an offshore distance of 150 km and the slow decrease in southward transport beyond 200 km due to the northward velocities in the recirculation region.
velocities suggest that the recirculation is a broad, slow northward flow rather than a fast, narrow current as some schematics suggest (e.g. Schmitz and McCartney, 1995) .
Alternative estimates of transport
Because the deep velocities on A1 may be in a shadow zone, we made three alternate estimates of transport in the region between mooring B and the continental slope assuming:
1. the velocity at mooring B continues undiminished right up to the continental slope; this added 3 Sv to the deep western boundary current below 1000 m depth;
2. the velocity at mooring B decays linearly to 0 at the continental slope; this reduced the deep western boundary current by 0.7 Sv;
3. the velocities on moorings B and B1 can be horizontally extrapolated into the continental slope; this reduced the deep boundary current transport by 1.7 Sv but notably created a northward flow right next to the continental slope.
These alternatives suggest that the deep western boundary current transport is not very sensitive to the way in which the velocities in the small triangle between the first mooring and the continental slope are derived. We prefer to use the velocities on mooring A1 even if they are in a "shadow zone" since they reflect the observed velocity field near the continental slope. The second uncertainty is the extrapolation offshore from moorings C and D to 172 km. Alternatively, we might have estimated the offshore structure by linearly interpolating between moorings D (at 130 km) and mooring E1 (at 317 km). The southward transport below 1000 m depth would then have extended much farther eastward, out to 220 km and the total southward deep western boundary current transport would then be 43 Sv. We think that this procedure likely overestimates the width and transport of the deep western boundary current and that more reasonable estimates of its offshore boundary and transport are made by extrapolating the observed velocities at moorings C and D to where they reach zero. The accumulated transport (Fig. 6) demonstrates that extrapolating the C and D velocities in this way even just over 20 to 25 km beyond D creates a deep western boundary current transport that peaks a little over 34.5 Sv. While we think that our extrapolation procedure is more reasonable, we recognise that there is uncertainty in the interpolationextrapolation procedure to be used beyond mooring D. We estimate the error in the offshore transport to be 4 Sv, half of the difference between our extrapolated transport from C to D to 172 km and the interpolated value using velocities on moorings D and E1.
It is difficult to estimate the uncertainty in the transport of the northward recirculation. First, moorings E1, E2, E3 and F are widely separated so that their velocities are uncorrelated. Second, the time-averaged velocities are generally small and those on moorings E3 and F are not significantly different from zero as judged by their standard errors. Effectively we have random point estimates of velocity that we have summed up to estimate a northward transport of 10.8 Sv in the offshore region from 170 km to 625 km.
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The time-averaged velocities are predominantly northward (14 out of 17 values at and below 1200 m are northward) so we would argue that the transport is indeed northward but with an uncertainty of about half the estimated transport, or 5 Sv.
Temporal variability
The time-averaged current smoothes out fluctuations by averaging positive and negative contributions at each position. The mean boundary current structure is wider than any instantaneous boundary current and its onshore and offshore structure may principally reflect how far and how often the boundary current has meandered past the observation points. The standard error in the time-averaged transport, estimated above to be 3.7 Sv for approximately 5 years of measurements at each mooring, is due in part to the variability induced by meandering of the boundary current past the fixed instruments. An alternative view is that the structure and transport of the boundary current could be relatively constant and only its position varies as it meanders onshore and offshore. In this view, it is important to define the instantaneous boundary current transport following the meandering to gain a more appropriate estimate of the variability in transport.
For this reason, there is merit in examining the temporal variability of the deep western boundary current. Estimating the time varying transport of the streamwise current, however, is more difficult than estimating the time-averaged transport because of the problem in defining the current as a function of time. First, the boundary current is not always fixed next to the boundary as it can meander offshore away from the continental slope and possibly beyond the array. For example, Lee et al. (1996) noted an extended period during the WATTS deployment when the deep western boundary current was clearly offshore of moorings A, B and C and the current core may even have been beyond mooring D. Secondly, the definition of the boundaries of a current is arguable. Traditionally, the deep western boundary current is defined to be only the southward flow near the boundary, potentially including only half of a strong cyclonic eddy on the offshore side without the compensating northward transport of the eddy and similarly for an anticyclonic eddy on the inshore side of the current. Such issues cloud the representation of the size of boundary currents; in particular, the tendency to count only flow in the 'right' direction can lead to transports that are biased high especially for synoptic estimates of boundary current transports. For example, Meinen (2001) estimated the mean southward transport for the deep western boundary current off Grand Banks to be 40 Sv counting only southward flow inshore of the North Atlantic Current in stream-coordinates at each moment of time, whereas Schott et al. (2004) showed that the time-averaged deep western boundary current transport measured by two long-term arrays at the same location is only 13 Sv.
Despite such problems, we attempt to characterize the time varying transport of the deep western boundary current east of Abaco by examining the two moored arrays (WATTS and ACCP3) when effectively all of the current meters below 1000 m depth operated for the duration of the array deployments. The WATTS array operated for 591 days from June 1990 to February 1992, and ACCP3 array operated for 463 days from October 1995 to February 1997 when the upper part of mooring B detached from the mooring causing degradation of the remaining current records. We have estimated the deep western boundary current transport contributions below 1000 m depth for each of moorings B (B1 during WATTS), C and D by vertically interpolating a current profile for each 12-hour interval in the same manner as described above for the time-averaged currents, and then multiplying the current at each depth by a horizontal distance taken to be:
1. for mooring B or B1, half the distance between from mooring B or B1 to the continental slope at each depth plus half the distance between moorings B or B1 and mooring C;
2. for mooring C, half of the distance between mooring B or B1 and mooring D;
3. for mooring D, the distance between moorings C and D.
This is equivalent to a horizontal trapezoidal integration procedure where the velocity is zero at the continental slope and zero at a distance beyond mooring D equal to the distance between moorings C and D, or approximately 40 km beyond mooring D. Effectively this is the same transport estimate procedure that we used for the mean currents except that for the mean currents we had mooring A1 close to the continental slope with its small, nearly zero mean velocities that made a small difference of only 0.7 Sv to the transport assuming the velocity decreased to zero at the slope. Because the current structure offshore of mooring D is not known due to the fact that the current records on offshore moorings at E1 for WATTS (distance of 317 km from Abaco) and E3 for ACCP3 (distance of 497 km from Abaco) are uncorrelated with the records on mooring D, the transport contribution of mooring D is the most uncertain of the 3 moorings. The resulting transport per unit depth profile is vertically integrated, keeping separate the southward and northward transport contributions for each mooring (Table 2) . Time series of southward transport contributions for each of the moorings suggests that there is always a core of strong southward velocity at one of moorings B, C or D. Hence it does not appear that the velocity core of the deep western boundary current ever meandered substantially offshore of mooring D. For each array, we then sum the mooring contributions to estimate a time series of total transport over the fixed area out to an offshore distance of 152 km and also a time series of southward transport by adding only the southward transport contributions from each of moorings B, C, D (Fig. 8) . The total transport of the deep western boundary current calculated in this way has a mean transport of Ϫ26.8 Sv for WATTS and Ϫ36.0 Sv for ACCP3 ( Table 2 ). The time-averaged total transport for each array is effectively a sample of the long time-averaged transport but based on shorter time series. From the error estimate made for the time-averaged transport of 3.7 Sv for a 5-year time series, we expect the standard error in the time-averaged WATTS total transport to be 6.6 Sv and in ACCP3 total transport to be 7.4 Sv. It is hard to argue that the mean transports are statistically different from each other during these two periods or from the overall mean transport estimated above from the time-averaged currents over all moorings.
The time series of southward transport are intended to represent the variability in transport of the meandering boundary current. The transport of the deep western boundary current calculated in this way has a mean southward transport of Ϫ34.5 Sv for WATTS and Ϫ41.4 Sv for ACCP3 (Table 2 ). The standard deviation in total (southward) transport is 20.4 Sv (15.1 Sv) for the WATTS array and 17.4 Sv (13.6 Sv) for the ACCP3 array. Thus, the variability in southward transport is indeed 25% smaller than the variability in total transport. However, the southward transport still varies substantially, between Ϫ75.9 Sv and Ϫ4.9 Sv for WATTS and between Ϫ72.6 Sv and Ϫ4.7 Sv for ACCP3.
The transport varies with a time scale of 40 days for the ACCP3 array and 80 days for the WATTS array, as defined by the zero-crossing in the autocorrelation function; spectra exhibit low-frequency peaks at around 100 day period for both arrays; and the squareintegral time scale is estimated to be 12 days for ACCP3 and 38 days for WATTS. Based on these integral time scales for the transport time series, the mean southward transport has a standard error of 3.8 Sv for the WATTS array and 2.2 Sv for the ACCP3 array. Again, the average southward transports for the two arrays separated by 3.5 years in time are not significantly different from each other.
We have also estimated the southward transport when the maximum southward velocity is at mooring B, at mooring C and at mooring D (Table 3) . The maximum southward current is most often at mooring B and the mean southward transport is greatest when the current core is at mooring B for both the WATTS and ACCP3 deployments. The southward transport is a bit smaller when the current core is at mooring C and smaller still 
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when the maximum southward velocity is at mooring D. It is likely that at least some of the smaller transport when the current core is at mooring D is due to lack of measurements of the offshore portion of the deep western boundary current. We consider that the boundary current transport is best determined when the maximum southward velocity is at either mooring B or C, which is the case 75% of the time for WATTS and 85% for ACCP3. For these periods, the standard deviation in southward transport is still about 15 Sv, so there is substantial temporal variability in the streamwise boundary current transport.
Because of the decrease in southward transport as the current core moves seaward from mooring B to mooring C, one might argue that deep western boundary current is stronger when the current core is closer to the continental slope and the smaller mean southward transport during the WATTS deployment would then reflect the greater proportion of time the deep western boundary current spent in an offshore meander during WATTS. Alternatively and more likely, we are missing part of the southward flow when the current core is located at mooring D and more representative mean transports would then be estimated by averaging transport only for those periods when the current core is at mooring B or C. The resulting mean southward transport of the deep western boundary current is 37.2 Sv for WATTS and 43.2 Sv for ACCP3 when excluding occurrences of the core at mooring D and weighting by the percentage of occurrence at moorings B and C in Table 3 . These values are consistent with the estimate of approximately 40 Sv for the mean transport of the deep western boundary current by Lee et al. (1996) who excluded periods during which the current had appeared to meander offshore of mooring D.
Assuming a standard deviation of 15 Sv in streamwise southward boundary current transport and a 40-day integral time scale (conservatively based on the WATTS array), we estimate that the standard error in southward transport over a year-long measurement period would be about 5 Sv and over a 4-year measurement period would be about 2.5 Sv. If we wished to detect a 20% change (7 Sv) in southward western boundary current transport, we then estimate that we would need approximately an 8-year time series to discriminate whether the first 4-year mean southward transport was different from the second 4-year mean southward transport by more than two standard errors (equal to 7 Sv). Concentrating on the southward transport of a meandering boundary current does appear to be more efficient for detecting changes than simply time-averaging long current meter records where a longer 10-year time series would be required to detect a 20% (7 Sv) change in time-averaged western boundary current transport from the first 5 years to the second 5 years because of the added variability associated with meandering.
Discussion
We began this analysis of the Abaco mooring array in order to determine whether we could monitor the strength and structure of the deep western boundary current as part of our project to monitor the Atlantic meridional overturning circulation. From the Abaco array measurements it appears that the strength and structure of the deep western boundary current can be monitored with a relatively small array of current meter moorings. The correlation scale of about 40 km for meridional velocity and the width of the instantaneous boundary current of about 80 to 100 km means that the Abaco arrays with moorings B, C and D at distances of 50, 90 and 130 km offshore from Abaco were broadly sufficient when the core of the boundary current was located close to the continental slope. An additional mooring 40 km beyond mooring D at an offshore distance of 170 km would be needed to identify and monitor offshore meandering episodes.
The idea that we might measure the deep western boundary current and the deep, cold limb of the meridional overturning circulation at the same time with a few moorings close to the western boundary, however, is undermined by the Abaco measurements of a substantial broad, slow northward recirculation over a region of at least 400 km extent offshore of the strong, narrow southward flowing deep western boundary current. The southward boundary current transport of 34.6 Sv is about 15 Sv larger than the overall 20 Sv southward transport expected for the deep limb of the overturning circulation. Thus, directly monitoring the deep limb of the overturning circulation would require monitoring both the strong southward deep western boundary current and the broad, northward recirculation, an expensive prospect especially to cover the width of an ill-defined recirculation zone.
Assessing these results in combination with other recent estimates of time-averaged deep western boundary current transports in the Atlantic, we were surprised that the deep western boundary current appears to increase its southward transport as it flows southward through the Atlantic. Schott et al. (2004) estimated a time-averaged deep western boundary current transport at 43N of 13 Sv; here at 26N the boundary current transport is 35 Sv; and south of the equator at 18S Weatherly et al. (2000) estimated a deep western boundary current transport of 39 Sv. Syntheses of synoptic estimates of the deep western boundary current (e.g. Hogg and Johns, 1995) have suggested that there are several deep recircula-tion gyres of varying sizes along the western boundary of the Atlantic. Thus, these varying time-averaged transport estimates may reflect different recirculation gyres. But it is worth considering that the time-averaged deep western boundary current transport may actually increase southward. This view would suggest that, in contrast to the detrainment from the boundary current projected in the Stommel and Arons (1960a,b) models to feed interior upwelling, the narrow boundary current in the Atlantic may overall be entraining deep waters as it flows southward.
In analysis of hydrographic measurements in this western boundary region, it has been common to use a reference level for geostrophic velocity estimates at about 1000 m depth based on property distributions (Speer and McCartney, 1991; Lavín et al., 1998) . The average current profiles from the current meter measurements give some support for this choice as in both the inner and outer regions the meridional velocity switches sign between 700 and 1000 m depth. Analyses of transatlantic hydrographic sections for meridional circulation and heat transport suggest there is a zonally averaged southward velocity of about 0.1 cm s Ϫ1 at 2000 m depth (Hall and Bryden, 1982; Roemmich and Wunsch, 1985; Lavín et al., 1998) . These analyses determine the small overall southward velocity at depth by using a mass conservation constraint that the southward mid-ocean geostrophic flow balances the northward Gulf Stream transport through Florida Straits plus the wind-driven Ekman transport in the surface layer. From these current meter measurements, it is clear that the order 10 cm s Ϫ1 southward velocities in the 100 km wide western boundary region are major contributors to the zonally averaged mid-ocean southward velocity over 6000 km.
To monitor the meridional overturning circulation our Rapid project will concentrate on monitoring the Gulf Stream flow through Florida Straits, the wind-driven Ekman transport in the surface layer and the mid-ocean geostrophic meridional flow using a mass balance constraint to determine the reference level velocity. The Rapid array at 26.5N (Fig. 1 in Srokosz, 2003) will naturally monitor the temporal variability of the narrow deep western boundary current off Abaco but the deep western boundary current transport will not necessarily be a signature of the size of the overall deep southward flow of the meridional overturning circulation.
